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SECTION  I 


INTRODUCTION 

V 

The  objective  of  the  program  is  to  develop  techniques  for  the  vapor 
phase  growth  of  high  resistivity  epitaxial  layers  of  GaAs  on  semi-insulating 
(SI)  GaAs  substrates.  A capability  to  grow  high  resistivity  buffer  layers 
with  minimum  structural  defects  prior  to  the  growth  of  active  device  layers 
would  eliminate  device  performance  problems  caused  by  poor  and  inconsistent 
substrate  quality. 

During  the  program  a reactor  and  its  associated  gas  handling  system  was 
built.  Both  undoped  and  chromium  doped  high  resistivity  epitaxial  layers 
were  grown  with  excellent  surface  morphology. 

In  order  to  determine  the  properties  of  the  material  grown,  a parallel 
effort  in  material  characterization  has  been  carried  out.  This  effort  has 
included  measurement  of  electrical  and  photoconductive  properties  as  well 
as  the  employment  of  various  analytical  techniques  to  determine  the  concen- 
trations of  chromium  introduced  during  the  material  growth.  , ' 

In  addition  to  the  above  work,  the  quality  of  the  semi-insulatiftg. 

epitaxial  layers  has  been  assessed  and  compared  with  bulk  material  by  ion\ 
32  28 

implantation  of  S and  Si  into  both  the  epi-layers  and  bulk  chrome  doped 
wafers.  It  has  been  shown  that  the  n-layers  generated  in  the  vapor  phase 
grown  layers  has  greater  consistency  and  higher  electron  mobility  than  those 
formed  in  the  bulk  material  for  a given  carrier  concentration. 


SECTION  II 


MATERIAL  GROWTH 


A.  INTRODUCTION 

The  success  of  planar  devices  such  as  GaAs  field-effect  transistors 
(FETs)  and  transferred-electron  logic  devices  (TELDs)  depends  on  the  capa- 
bility of  growing  thin  (<  1.5  pm)  high-quality  n-layers  on  substrates  which 
are  "inert"  (i.e.,  they  do  not  affect  the  electrical  and  mechanical  proper- 
ties of  thin  layers  grown  epitaxially  on  them).  A major  problem  is  the 
present  unreliability  of  available  substrate  material.  A possible  solution 
which  this  program  proposes  to  investigate  is  the  growth  of  a high-quality 
semi-insulating  buffer  layer  with  good  surface  morphology,  high  electrical 
resistivity,  and  the  minimum  of  interaction  with  the  active  n-layer  subse- 
quently grown  on  it.  This  report  presents  the  results  obtained  in  the  first 
year  of  a program  to  develop  techniques  for  the  epitaxial  growth  of  high 
resistivity  GaAs  layers.  Some  of  the  results  were  described  earlier  in  a 
semiannual  report  [1]. 

B . BACKGROUND 

This  section  describes  the  state  of  the  art  at  the  inception  of  this 
program.  In  a previous  company-sponsored  effort,  we  have  established  the 
feasibility  of  the  epitaxial  growth  of  chromium-doped  semi- insulating  (SI) 
GaAs,  using  CrC^C^  as  the  doping  gas.  This  study  established  the  following: 

1.  For  chromium  doping  with  CrO„Cl„  to  be  effective,  the  background 

1 1 15  -3 

donor  density  in  the  reactor  must  be  <_2xl0  cm 

2.  When  the  background  dunor  density  is  in  the  required  range,  chromium- 
doped  SI  GaAs  layers  can  be  grown.  The  point-contact-breakdown  voltage  of 
such  epi-SI  GaAs  layers  is  in  excess  of  1500  V.  Measurements  carried  out  on 
these  layers  at  the  USAF  Avionics  Laboratory  indicate  a resistivity  in  the 
lO^-lO^-ft-cm  range. 

3.  The  surface  morphology  of  the  chromium-doped  epi  layers  was  poor 
compared  to  that  of  epi  n layers.  The  reason  for  this  poor  morphology  was 
not  well  understood.  Careful  adjustment  of  the  CrC^C^  gas  flow  resulted  in 
some  minor  improvement. 
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4.  The  CrC>2Cl2/H2  dopant  mixture  decomposed  in  the  feed  tube,  and  the 
resulting  deposit  clogged  the  tube.  It  was  presummed  that  the  H2  in  the 
mixture  reduced  CrC>2Cl2  in  the  hot  part  of  the  feed  tube. 

5.  The  500-ppm  Cr02Cl2H2  mixture  was  then  replaced  by  a 500-ppm  Cr02Cl2/He 
mixture.  This  greatly  minimized  the  decomposition  in  the  feed  tube.  Furthermore, 
lower  flow  rates  of  the  CrO^Cl^/fte  mixtures  could  be  used  to  obtain  SI  GaAs. 

The  surface  quality  also  improved  slightly.  The  point-contact  breakdown  of 
the  grown  layers  was  again  in  excess  of  1500  V. 

One  chromium-doped  epitaxi^.  GaAs  layer  was  evaluated  at  the  USAF  Avionics 
Laboratory,  Dayton,  Ohio.  In  one  experiment,  a (100)  oriented  slice  from  a 
bulk-grown  SI  GaAs  substrate  was  cut  into  two  pieces.  On  one,  a 5-ym-thick 
epitaxial  chrome-doped  layer  was  grown,  and  the  other  was  used  as  a control 
sample.  At  the  Avionics  Laboratory,  the  electron-and-hole  concentration, 
mobility,  and  IR  photoconductivity  at  4.2  K were  measured.  Table  1 and  Fig.  1 
illustrate  the  results.  The  superior  properties  of  the  epi-SI  layer  are  evident. 


TABLE  1.  DATA  TAKEN  BY  USAF  AVIONICS  LABORATORY, 
DAYTON,  OHIO 


TyPe 


Resistivity 

(ohm-cm) 


n-cm 


-3 


_Ezcm_ 


Pn 

(cm^/V»s) 


(cm^/V«s) 


Substrate 


7.11x10 


1041 


Epitaxial 

buffer  n 7.09x10'  1.65xl07  1. 58x10®  4202  403 

layer 


The  resistivity  of  the  epi  layer  is  107  ohm-cm.  Figure  1 shows  that  the  photo- 
conductive  response  of  the  epi  layer  is  much  sharper  than  that  of  the  substrate. 
This  is  believed  to  be  indicative  of  superior  crystal  quality. 

In  the  final  analysis,  the  bast  measure  of  material  quality  is  the  per- 
formance of  an  active  device  fabricated  from  it.  n+-n-nD (Buf fer)-Si  GaAs 

D 

wafers  were  grown  in  situ  for  power  FET  fabrication;  n denotes  an  epitaxial 

D 

SI  GaAs  buffer  layer.  The  buffer-layer  thickness  was  about  5 pm.  FETs  of 
1.5-um  gate  length  were  fabricated  from  this  wafer.  Table  2 summarizes  the 
results  obtained.  Note  that  excellent  performance  was  obtained  from  a FET 
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Figure  1.  Photoconductivity  response  of  bulk  Cr-doped  substrate 
and  epitaxial  Cr-doped  buffer  layer.  Measurement 
made  at  AFAL,  Dayton,  Ohio. 


TABLE  2.  RCA  GaAs  FET  PERFORMANCE  (WITH 
CHROME-DOPED  BUFFER  LAYER) 


Frequency 

(GHz) 

Linear 

Gain 

<dB) 

Output 

Power 

(mW) 

Gain  at 

pout 

(dB) 

Power-Added 

Efficiency 

(%) 

Operating  Condition 
(Source  Periphery) 

9 

5.5 

1000 

4.3 

16.3 

Class  A 

(1800  ym) 

15 

6.7 

451 

5.2 

12.5 

Class  A 

(1200  pm) 

18 

6.3 

225 

4.5 

5.4 

Class  A 

(1200  ym) 

21 

5 

186 

4.3 

11.9 

Class  A 

(600  ym) 

22 

5.6 

141 

4.8 

9 

Class  A 

(600  ym) 

with  1.5-ym  gate  length  at  frequencies  as  high  as  22  GHz  [2].  These  data  in- 
dicate that  the  n layer  grown  on  an  epi-SI  buffer  layer  has  excellent  electron- 
drift  mobility.  These  results  are  far  superior  to  those  obtained  from  0.8-ym- 
gate  FETs  fabricated  from  n layers  grown  directly  on  bulk-grown  SI  GaAs 
substrates. 

We  have  also  fabricated  planar  transferred-electron  logic  devices  (TELDs) 
from  a wafer  with  an  epitaxial  SI  GaAs  buffer  layer.  Post-threshold  current 
drops  as  high  as  28%  were  obtained  with  three  terminal  TELDs;  this,  again,  is 
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indicative  of  higher  electron-drift  mobility  in  n layers  grown  on  epitaxial 
SI  GaAs  layers. 

While  the  feasibility  of  growth  of  SI  GaAs  layers  by  vapor-phase  epitaxy 
(VPE)  and  its  impact  on  planar  GaAs  devices  has  been  established,  further  re- 
search work  was  necessary  to  improve  the  reproducibility  of  the  growth  process. 
The  following  problem  areas  had  to  be  addressed. 

1.  For  the  improvement  of  surface  morphology,  the  occurrence  of  micro- 
scopic pitlike  defects  must  be  eliminated.  This  is  necessary  to  obtain  sub- 
micrometer line  lengths  and  features  required  for  microwave  and  multigigabit- 
rate  logic  circuits.  The  reasons  for  the  occurrence  of  these  imperfections 
was  not  understood. 

2.  Optimum  conditions  for  reproducible  and  repeatable  growth  of  SI  GaAs 
layers  have  to  be  established. 

3.  The  use  of  metallic  Cr  and  its  transport  by  gas  may  eliminate 
the  need  for  CrC^C^,  which  is  highly  toxic.  This  needs  to  be  investigated. 

4.  Researchers  at  Fujitsu  in  Japan  have  established  that  the  use  of 
metallic  Fe  and  its  transport  to  the  substrate  as  FeC^  can  result  in  high- 
resistivity  Fe-doped  GaAs  [3].  They  report  excellent  FET  results  from  wafers 
with  Fe-doped  buffer  layers.  Fe-doped  GaAs  with  resistivities  as  high  as 
10^  R-cm  have  been  achieved.  Fe-doped  high-resistivity  layers  should  also  be 
studied . 

C.  REACTOR  DESCRIPTION 

The  vapor-phase  reactor  in  which  the  original  experiments  were  carried 
out  was  modified  to  make  it  more  suitable  for  this  particular  program.  Figure  2 
shows  the  schematic  of  the  redesigned  gas-handling  system.  This  system  has  the 
following  characteristics: 

1.  Ability  to  operate  as  a "normal"  Ga/C^/AsH^  system  employing  palladi- 
um-diffused hydrogen  as  the  diluting  gas.  It  is  also  planned  to  add  the  ability 
to  substitute  ultrapure  nitrogen  for  the  hydrogen.  This  will  be  of  significance 
in  attempts  to  employ  metallic  chromium  or  iron  as  the  doping  element. 

2.  A third  input  line  was  added  to  the  reactor  to  allow  the  introduction 
of  chromyl  chloride/helium  mixture  of  variable  composition. 


5 


GALLIUM  ARSENIDE  VAPOR  PHASE  GAS  SYSTEM 


BUBBLERS 


Figure  2.  Schematic  diagram  of  reactor  gas-handling  system. 

3.  An  HC1  feed  was  added  to  the  arsine/hydrogen  line  to  allow  a mixture 
of  hydrogen  chloride  to  the  reactant  gases  downstream  of  the  gallium  boat  to 
determine  the  effect  of  HC1  partial  pressure  on  growth  rate,  background  car- 
rier concentration,  etc.  This  HC1  was  also  used  to  etch  clean  the  reactor 
tube  and  substrate  holder  prior  to  deposition  runs. 

4.  n-type  doping  gases  such  as  hydrogen  sulfide,  hydrogen  selenide,  or 
hydrogen  telluride  could  be  introduced. 

5.  Inclusion  of  a line  for  addition  of  other  doping  materials  such  as 
diethylzinc  to  allow  p-type  doping. 

6.  An  ability  to  introduce  chlorine  into  the  chromium  doping  line.  The 
use  of  metallic  chromium  or  iron  in  the  chromium  feed  tube  of  the  reactor 
permits  the  addition  of  the  respective  metallic  chlorides  into  the  reacting  gas 
stream.  This  could  be  a considerably  safer  and  more  convenient  method  of 
adding  chromium  than  the  use  of  chromyl  chloride. 
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Figure  3 is  a schematic  diagram  of  the  reactor  tube  and  furnace  assembly. 
The  reactor  tube  configuration  has  been  changed  from  that  previously  employed 


h2  or  n2 


a CHROME  TUBE 

b AsH3  TUBE 

c Cl2  OR  HCI  TUBE 
d GALLIUM  BOAT 

Figure  3.  Schematic  diagram  of  reactor  tube/furnace  assembly. 

at  RCA  for  vapor  deposition  of  GaAs  by  the  Ga/HCl/AsH^  system.  The  sidearm 
previously  used  to  discharge  the  waste  products  of  the  system  has  been 
eliminated. 

The  reactor  now  consists  of  a single  straight  quartz  tube.  The  exit  end 
of  the  tube  is  closed  by  an  end  cap  with  a sleeve  extending  sc  far  up  the 
reactor  tube  that  sliding  the  furnace  down  the  tube  permits  it  to  be  heated 
and  etched  clean  of  reaction  products.  A small  quantity  of  hydrogen  or  nitro- 
gen flows  slowly  upstream  between  the  reactor  tube  and  the  sleeve;  this  re- 
stricts reaction  products  to  the  interior  of  the  sleeve  and  prevents  their 
deposition  on  the  walls  of  the  reactor  tube  downstream  of  the  end  of  the 
sleeve.  The  substrate  holder  is  incorporated  in  the  end-cap  holder-sleeve 
assembly  and  extends  beyond  the  end  of  the  sleeve  into  the  deposition  region 
of  the  reactor.  Figure  4 is  a photograph  of  the  reactor. 

The  elimination  of  the  sidearm  achieves  several  objectives: 

1.  It  eliminates  the  necessity  to  dismantle  the  assembly  to  remove  the 
reactor  tube  for  cleaning  whenever  the  performance  of  the  reactor  is  affected 
by  the  deposits  of  reaction  products  in  a sidearm. 


7 


Figure  4.  Photograph  of  reactor. 


2.  It  reduces  the  history  effect  (i.e. , change  in  the  background  impurity 
level  produced  after  growth  of  highly  doped  layers).  This  feature  is  important 
when  attempting  to  grow  a buffer  layer  after  a highly  doped  device  wafer  has 
been  grown. 

3.  The  reactor  tube  can  be  etch  cleaned  (with  hydrogen  chloride  gas) 
before  every  run  without  dismantling  the  system. 

4.  The  gas  flow  pattern  is  uniform  down  to  the  tube  and  is  not  affected 
by  the  reverse  gas  flow  from  the  loading  end  of  the  reactor,  required  to  force 
the  reaction  products  down  the  side  exit  arm. 

Other  features  of  the  reactor  assembly  are  the  employment  of  a sapphire 
feed  tube  for  the  introduction  of  the  chromyl  chloride/helium  mixture  into  the 
reaction  zone,  the  use  of  a pyrolytic  boron  nitride  sleeve  to  protect  the  re- 
actor tube  from  attack  by  the  chromyl  chloride  in  the  reaction  zone,  and  the 
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employment  of  an  annular  heat  pipe  using  sodium  as  the  heat  transfer  medium 
as  a heating  device  for  the  deposition  zone. 

D.  RESULTS 

1.  Undoped  High-Resistivity  Layers 

The  reactor  has  been  fabricated  and  is  now  operational.  As  discussed 

earlier,  to  obtain  Cr-doped  epitaxial  SI  layers.  It  is  necessary  to  ensure 

15  -3 

that  the  reactor  background  is  n type,  and  (N  -N  ) is  less  than  2x10  cm 

U A 

The  initial  wafers  grown  in  the  reactor  were  found  to  be  of  high  resistivity 

even  in  the  absence  of  added  Cr.  The  reactor  was  completely  leak  checked  to 

ensure  that  there  was  no  oxygen  or  moisture  present.  Epitaxial  layers  were 

again  grown  on  SI  GaAs  substrates.  The  epitaxial  layers  were  found  to  be  of 

4 

high  resistivity  with  p > 3x10  fi-cm  at  300  K.  The  resistivity  at  77  K 
was  too  high  to  measure.  This  indicates  that  the  high  resistivity  is  due  to 
some  deep  level  or  levels.  A sample  was  sent  to  our  analysis  group  for  eval- 
uation by  SIMS  to  determine  whether  it  is  due  to  a specific  dopant  or  caused 
by  defects.  This  test  was  inconclusive. 

The  occurrence  of  high-resistivity  background  layers  during  growth  on 
high-resistivity  substrates  has  been  noticed  before  [4].  The  experiments  of 
Cox  and  DiLorenzo  [4]  indicate  that  this  is  due  to  the  diffusion  of  acceptors 
from  the  substrate  or  the  substrate-epi  layer  interface.  In  fact,  Cox  and 
DiLorenzo  utilize  this  high-resistivity  layer  as  a buffer  layer  for  FETs  [4]. 
We  have  observed  such  layers  previously  with  the  AsH^/Ga/C^  process.  The 
nature  of  the  acceptors  is  not  known;  it  is  suspected  that  they  are  point 
defects. 

Attempts  to  characterize  these  undoped  layers  by  the  usual  Van  der  Pauw 

4 

methods  have  been  made.  Resistivities  of  the  order  of  4-5x10  ohm-cm  have 
been  measured.  Attempts  to  determine  carrier  concentration  from  these  exper- 
iments have  failed  due  to  insufficient  equipment  sensitivity.  An  improved 
Van  der  Pauw  setup  was  developed  and  is  described  in  Section  III.C.  However, 
with  substrate/epi-layer  thickness  ratios  of  approximately  10  to  21,  measure- 
ments are  strongly  influenced  by  the  presence  of  the  substrate. 

A rough  method,  adopted  for  assessing  the  breakdown  voltage  of  the  epi 
layers,  is  as  follows:  Two  tungsten  wire  probes  are  pressed  onto  the  surface 
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of  the  epi  layer,  spaced  approximately  0.25  cm  apart,  and  a voltage  is  applied 
between  them  by  means  of  a curve  tracer.  This  gives  an  I/V  curve  and  shows  the 
voltage  breakdown  of  the  material,  if  any.  Good  buffer  layers  will  withstand 
up  to  1500  V,  the  maximum  capability  of  the  instrument.  Figure  5 shows  traces 
produced  by  wafers  A94  and  A95. 
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2.  Chromium-Doped  Layers 


The  original  method  selected  to  attempt  chromium  doping  was  to  bubble  a 
carrier  gas  (helium)  through  liquid  chromyl  chloride.  Because  of  a suspected 
leak  in  this  part  of  the  system,  we  are  currently  using  a 500-ppm  mixture  of 
chromyl  chloride  (CrO.Cl9)  in  helium  prepared  in  cylinders  by  Airco  Precision 
Gas  Co. 

Several  chromium-doping  runs  have  been  made.  Typical  curve-tracer  break- 
down photographs  are  shown  in  Fig.  6.  In  Fig.  6,  note  that  a dopant  flow  of 
500  ml/min  of  CrO^Cl^  (500  ppm)  produces  a higher  resistivity  than  does  a flow 

of  275  ml/min.  When  the  flow  was  increased  to  1000  ml/min,  the  layer  reverted 
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to  n-type  with  mid-10  cm  carrier  concentration. 

The  surface  morphology  of  Cr-doped  layers  groom  in  the  modified  reactor 
is  excellent.  This  is  in  contrast  to  the  layers  groom  in  our  older  reactor. 

Possible  explanations  for  this  is  the  complete  cleaning  of  the  reactor  with 
HC1  prior  to  growing  and  the  elimination  of  the  sliding  substrate  feed  rod. 

3.  Device  Wafers 

As  the  object  of  growing  semi-insulating  layers  on  SI  GaAs  substrates  is 

to  provide  a superior  surface  for  the  growth  of  device  wafers,  a number  of 

wafers  suitable  for  GaAs  FET  fabrication  have  been  grown.  These  have  either  a 

12-pm-thick  undoped  high-resistivity  layer  or  a chrome-doped  layer,  followed 

by  the  n and  n+  layers  needed  for  FET  fabrication.  These  wafers  are  A63,  A67, 

A73,  and  A73  with  undoped  buffer  layers,  and  A69  with  a chrome-doped  buffer 

layer.  Figure  7 shows  the  carrier-concentration  profile  of  wafer  A69.  After 

a few  runs,  several  problems  were  encountered. 

At  a later  point  in  the  program,  attempts  to  fabricate  FET  device  struc- 
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tures  by  first  growing  a buffer  layer  followed  by  an  n (^  8x10  cm  ) and  then 
+ 18  — 3 

an  n (3-5x10  cm  ) layer  produced  results  which  have  not  yet  been  explained. 
This  is  illustrated  in  Fig.  8 by  a carrier  profile  plot  for  wafer  151  produced 
by  computation  from  conductivity  versus  thickness  measurements.  The  effect 
appears  to  be  that  the  growth  of  the  n+  or 
into  the  buffer  layer  in  spite  of  the  fact 


*Riverton,  NJ. 


contact  layer  smears  out  the  n-layer 
that  the  time  required  to  grow  the 
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A96 

Dopant  flow: 
500  ml/min. 


Figure  6.  Two-point-probe  data  for  Cr-doped  epi  layers. 
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A141 


Dopant  flow: 
500  ml/min 


A156 


Dopant  flow: 
250  ml/min 


Al  73 

Wafer  placed  on 
PBN  plate. 
Dopant  flow: 

250  ml/min 


Figure  b.  Continued. 
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n layer  is  only  approximately  a minute.  This  may  be  compared  with  results 
obtained  from  wafer  150  on  which  was  grown  a 1 pm  layer  on  a thick  Cr-doped 
buffer  layer.  Figure  9 is  the  profile  produced  by  conductivity  measurements 


Figure  9.  Carrier  profile  of  A150  n-layer/buf fer 
layer  wafer  deduced  from  conductivity 
measurements. 

and  Fig.  10  is  a carrier  profile  plot  from  C/V  measurements.  After  removing 
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the  n-layer,  a carrier  concentration  in  the  buffer  layer  of  approx.  2x10  cm 

was  measured.  Figure  11  (carrier  profile  plot  of  wafer  207)  shows  a similar 

sharp  boundary  between  the  n and  buffer  layers. 

It  was  postulated  initially  that  the  substrate  could  be  a source  of 
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carriers  but  this  seems  unlikely  when  buffer  layers  of  N = 2x10  cm  and  over 
10  pm  thickness  have  been  interposed  between  the  substrate  and  the  n-layer. 
However,  this  experiment  has  been  repeated  with  a number  of  different  substrates 
with  similar  results.  The  result  of  another  attempt  to  eliminate  this  apparent 
diffusion  of  the  n-layer  into  the  Cr-doped  buffer  when  growing  the  n+  contact 
layer  is  shown  in  Figs.  12  and  13  which  are  carrier  profile  plots  obtained  from 
wafers  A189  and  A190.  In  these  runs,  silane  was  used  in  place  of  H.S  as  the 

4.  ^ 

doping  gas  for  the  n layer.  Although  the  n-layer/buf fer  layer  interface  is 
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profile  plotte 


0 2 04  06  08 

DEPTH  /xm 


Figure  11.  Carrier  profile  < 
wafer.  Note  shai 
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sharper,  the  carrier  concentration  of  the  buffer  layer  close  to  the  interface 
still  shows  the  effect  to  some  degree.  Further  work  on  this  question  is  re- 
quired to  determine  the  mechanism  of  this  effect  and  overcome  it. 

Table  3 is  a partial  log  of  the  wafers  grown  to  illustrate  typical  results, 
growth  sequence,  tests,  and  problems  encountered  to  date,  during  the  course  of 
the  program. 
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TABLE  3.  (Continued) 
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A202  n -n-Cr  buffer  FET  NK2912  Buffer  layer  shows  conducting 

structure  using  Si  as 
n+  dopant. 


SECTION  III 


MATERIAL  CHARACTERIZATION 


A.  INTRODUCTION 

The  detection  and  identification  of  deep  levels  in  high  resistivity  GaAs 
is  an  important  step  toward  characterization  of  the  material.  Cr , Fe , and  0 
are  the  most  common  elements  used  for  producing  deep  states.  Some  investiga- 
tors believe  that  both  Cr  and  0 are  necessary  to  produce  SI  GaAs  [5].  "Cr-free" 
undoped  GaAs  has  also  been  reported  [6].  The  analytical  detection  of  the  ele- 
ments causing  deep  levels  is  difficult,  particularly  in  thin  layers;  for  ex- 
ample, the  Cr  concentration  in  typical  Cr-doped  SI  GaAs  layers  remains  in  the 
parts-per-million  level.  To  date  we  have  found  that  only  spark-source  mass 
spectroscopy  (SSMS)  has  reliably  detected  Cr  in  GaAs. 

This  effort  was  directed  towards  characterizing  SI  GaAs,  both  in  bulk 
form,  as  purchased  from  various  vendors,  and  in  epitaxial  Cr-doped  and  "undoped" 
layers  grown  by  CVD.  (Undoped  GaAs  refers  to  high  resistivity  epi-layers 
grown  by  the  mole  fraction  control  method  using  the  AsCl^/Ga/H^  process  and 
layers  grown  by  the  AsH^/Ga/HCl  process  without  intentional  addition  of  do- 
pants). A major  objective  was  to  develop  a characterization  method  which 
would  allow  the  evaluation  of  thin  epi  layers  grown  on  SI  GaAs  substrates. 

Two  methods  were  evaluated,  namely,  measurement  of  room  temperature  photocon- 
ductive  response  and  Van  der  Pauw  measurements.  These  are  now  described. 

B.  ROOM  TEMPERATURE  PHOTOCONDUCTIVITY 
1.  Introduction 

It  has  been  known  for  some  time  [7-9]  that  transitions  to  and/or  from  Cr 
acceptors  in  SI  GaAs  could  be  excited  optically  with  a photon  energy  of  about 
0.9  eV.  It  is  not  clear  in  the  literature  whether  holes  or  electrons  are  re- 
sponsible for  the  increased  photoconduction  with  this  subgap  illumination, 
although  this  could  be  determined  with  a photo-Hall  experiment.  Nevertheless, 
a peak  in  the  photoconductive  spectral  response  at  0.9  eV  appears  to  be  the 
"signature"  of  Cr  presence  in  the  lattice. 
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The  measurement  of  photoconductivity  as  a function  of  photon  energy  was 
carried  out  using  a Bausch  and  Lomb  grating  monochromator  with  appropriate 
filters.  Measurements  involving  optical  excitation  are,  in  general,  sensitive 
not  only  to  the  incident  wavelength,  but  also  to  the  intensity  of  the  radiation. 
Since  the  output  curve  of  the  monochromator/filter  combination  is  not  inde- 
pendent of  the  wavelength,  the  system  has  to  be  calibrated.  The  need  to  employ 
filters  to  remove  higher  order  grating  modes  usually  enhances  intensity  vari- 
ations as  a function  of  wavelength.  There  are  two  available  options: 

a.  Normalize  the  measured  dependent  variable  to  the  intensity  of  radiation. 

For  example,  the  photoconductivity  is  normalized  to  yW  of  incident  radiation. 
This  assumes  implicitly  that  the  measured  parameter  varies  linearly  with  in- 
tensity. This  is  not  always  true;  even  simple  photoconductivity  can  vary  sub- 
or  super-linearly  with  excitation  intensity  depending  upon  the  position  of  the 
quasi-Fermi  level  with  respect  to  traps,  etc. 

b.  Change  the  monochromator  exit  slit  setting  to  produce  the  same  intensity 
al  all  wavelengths.  Changing  slit  settings,  however,  effects  spectral  purity 
which  may  not  be  reproducible.  This  can  cause  problems  particularly  in  the 
vicinity  of  sharp  quantum  transitions  such  as  the  band  edge. 

The  procedure  used  in  most  of  our  measurements  was  option  a;  however, 
some  measurements  were  made  using  option  b.  The  corrections  and  slit  setting 
for  various  monochromator/filter  combinations  were  determined  using  a tung- 
sten source  and  a calibrated  thermopile. 

2.  Photoconductivity  Measurements 

a.  SI  Substrates  - Photoconductivity  measurements  were  made  using  square 

samples  with  alloyed  In  (or  Sn)  ohmic  contacts  at  the  four  corners.  This  is 

a typical  Van  der  Pauw  configuration  used  for  resistivity  and  Hall  mobility 

measurements.  The  ohmic  contacts  were  shielded  from  the  incident  radiation. 

Since  the  sample  impedances  are  high,  a special  circuit  was  designed  and  built 

to  allow  measurement.  Using  I C op-amps  (CA3130) , the  differential  sample 

voltage  was  converted  to  a single  ended  signal  at  unity  voltage  gain  and 

12 

an  input  impedance  of  greater  than  10  ohm. 

Figure  14  shows  the  room  temperature  (300  K)  photoconductive  response  of 
three  bulk  grown  substrates.  The  conductivity  per  yW  of  incident  radiation  is 
plotted  as  a function  of  photon  energy.  Note  the  evolution  of  a peak  at  0.9  eV 
as  the  Cr  content  increases.  The  Cr  content  was  measured  by  SSMS. 
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Figure  14.  Room  temperature  photoconductivity  response  of 
SI  GaAs  substrate.  Note  evolution  of  a peak 
at  'vO.9  eV  as  Cr-content  increases. 


The  Sumitomo  oxygen-doped  substrate  served  as  a control  in  the  experi- 
ment. The  PC  response  of  this  material  is  somewhat  featureless  at  0.9  eV,  as 

kk 

expected.  The  Morgan  substrate  did  show  evidence  of  a peak  at  0.9  eV.  SSMS 
determined  that  the  concentration  of  Cr  in  this  sample  was  about  0.1  ppma- 

15  _3  f 

(2.3x10  cm  ).  The  Laser  Diode  material  exhibits  a definite  peak  at  0.9  eV 

and  was  determined,  by  SSMS,  to  have  a Cr  concentration  of  about  1.0  ppma- 
16  ~3 

(2x10  cm  ) . In  addition,  the  Laser  Diode  material  showed  lower  dark  con- 
ductivity than  the  Morgan  and  had  the  slow  photoresponse  characteristic  of  a 
high  concentration  of  deep  traps. 

Figure  15  shows  the  photoconductive  response  of  two  nominally  (as  speci- 
fied by  vendor)  0-doped  SI  GaAs  substrates.  Note  that  the  Sumitomo  0-doped 
sample  is  featureless  at  0.9  eV.  while  the  Laser  Diode  0-doped  sample  appears 

to  show  a peak  at  0.9  eV.  Samples  from  these  boules  were  also  analyzed  by 

16  —3 

SSMS.  The  Laser  Diode  sample  shows  a Cr  concentration  of  3.5x10  cm  and  an 

16  -3 

oxygen  concentration  of  about  10  cm  , while  the  Sumitomo  sample  shows 


*Sumitomo  Electric  Industries,  Ltd.,  Osaka,  Japan. 
**Morgan  Semiconductor  Inc.,  Garland,  TX. 

+Laser  Diode  Laboratories,  Inc.,  Metuchen,  NJ. 
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Figure  15.  Photoconductive  response  of  two  nominally 
O-doped  SI  GaAs  substrates. 

16  -3  1.6  —3 

4x10  cm  of  Cr  and  3x10  cm  of  0.  The  strikingly  different  photoconduc- 
tive response  of  two  wafers  with  similar  Cr  and  0 concentrations  as  measured 
by  SSMS  is  not  understood.  It  should  be  noted  that  0 concentration  measured 
by  SSMS  is  somewhat  uncertain.  Both  these  substrates  could  withstand  annealing 
at  850°C  for  20  minutes  in  a hydrogen  atmosphere  without  degradation  of  resis- 
tivity. 

Figure  16  shows  the  room  temperature  photoconductive  response  of  three 
Morgan  semi-insulating  GaAs  substrates.  Note  that  M^  and  M^  have  reasonably 
similar  response  with  broad  peaks  at  about  0.9  eV  characteristic  of  Cr.  Sub- 
strate M1 , on  the  other  hand,  shows  different  characteristics.  SSMS  measure- 

ments  show  Cr  content  of  <1,7x10  cm  for  M. , 1.6x10  cm  for  M»,  and 

15-3  Z 

2.5x10  cm  for  M^.  Under  a high  temperature  anneal  test  (750°C,  30  mins.), 

M2  did  not  show  conversion  to  lower  resistivity,  some  M^  samples  showed  slight 
degradation,  while  M^  samples  degraded  considerably. 

Figure  17  is  a replot  of  the  photoconductive  response  of  two  Laser  Diode 
substrates,  one  nominally  O-doped  (LD-3325)  and  the  other  Cr-doped  (LD-9918) . 
The  responses  are  essentially  similar.  This  is  consistent  with  SSMS  measure- 
ments which  show  Cr  in  both  substrates. 
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Figure  16.  Photoconductive  response  of  three  Morgan  Cr-doped 
SI  GaAs  substrates. 


Figure  17.  Nominally  O-doped  and  Cr-doped  SI  GaAs  substrates. 
Note  similar  photoconductive  response. 
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We  conclude  that  photoconductivity  measurements  can  be  used  to  non- 
destructive^ detect  the  presence  of  Cr  in  most  SI  GaAs  substrates.  The  only 
discrepancy  observed  was  the  Sumitomo  sample  which  was  specified  by  the  vendor 
as  O-doped  but  SSMS  detected  significant  amount  of  Cr.  It  is  likely  that 
other  deep  states  can  be  resolved  by  extending  the  measurement  to  lower  tem- 
peratures and  photon  energy.  As  yet,  there  is  no  correlation  between  other 
substrate  properties  such  as  ability  to  withstand  high  temperature  (^750°C) 
anneals  and  photoconductive  response. 

b.  High  Resistivity  Epi  Layers  on  SI  GaAs  Substrates  - Application  of  this 
method  directly  to  the  in  situ  detection  of  Cr  in  thin  epi  layers  grown  on  SI 
GaAs  substrates  is  not  straightforward,  however.  Measurements  of  the  optical 
absorption  coefficient  of  Cr-doped  material  (Fig.  18)  showed  a negligible  in- 
crease at  0.9  eV.  Thus,  the  material  remains  optically  transparent,  and  any 
increase  in  photoconductivity  could  come  from  the  Cr-doped  substrate  as  well 
as  the  buffer  layer.  In  view  of  the  relative  thickness,  it  seems  unlikely 
that  the  effects  of  the  buffer  layer  at  0.9  eV  would  be  seen  at  all. 


Figure  18.  Photoconductive  response  of  high  resistivity  epi 
layers  on  SI  GaAs  substrate  (M4  ) . Absorption 
coefficient  plot  also  shown. 
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On  the  other  hand,  band-edge  illumination  is  absorbed  very  rapidly  with 
depth  because  of  the  large  value  of  the  absorption  coefficient.  Behavior  of 
the  photoconductive  spectral  response  for  the  substrates  tested  was  always 
similar.  Conduction  increased  near  the  band-edge  and  then  dropped  off  as  the 
photon  energy  increased  (see  Fig.  17).  This  is  interpreted  as  being  due  to  a 
large  value  of  the  surface  recombination  velocity  S.  As  the  generated  hole- 
electron  pairs  are  confined  to  the  surface,  the  photoconductive  is  seen  to 
decrease.  Figure  18  shows  the  room  temperature  photoconductive  spectral  re- 
sponse for  two  SI  epi  films  on  the  Morgan  substrate.  The  characteristic 
dip  above  the  band-edge  seen  for  the  substrate  was  not  observed  for  either  the 
undoped  or  Cr-doped  samples  indicating  a lower  value  of  S in  the  epi  material. 
It  is  not  known,  however,  whether  this  fact  can  be  used  to  advantage  in  materi- 
al characterization. 

The  behavior  of  the  absorption  coefficient  a makes  near-bandedge  radiation 
a useful  probe  of  variable  depth  into  the  sample.  It  is  likely  that  photo-Hall 
measurements  with  near-band-edge  illumination  will  allow  one  to  electrically 
separate  the  effect  of  transport  in  the  epitaxially  grown  high  resistivity 
layers  from  transport  in  the  bulk  grown  SI  GaAs  substrate.  However,  the  sig- 
nificance of  such  photo-Hall  data  and  their  correlation  to  eventual  device 
performance  is  as  yet  unknown. 

The  usefulness  of  photoelectronic  measurements  with  subgap  and  bandgap 
radiation  in  characterizing  GaAs:Cr  has  become  apparent.  Future  effort  will 
be  directed  toward  lowering  measurement  temperatures  for  a better  resolution 
of  deep  levels. 

C.  RESISTIVITY  MEASUREMENTS 

Another  basic  transport  study  was  the  measurement  of  the  resistivity  of 
several  SI  GaAs  substrates  and  substrate  epilayer  structures  as  a function  of 
temperature.  Extensive  measurements  of  the  resistivity-temperature  character- 
istics of  GaAs  have  been  recently  reported  by  investigators  at  Rockwell  Inter- 
national [5].  The  measurements  reported  here  are  similar  but  on  substrates 
from  different  vendors. 
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The  resistivity  measurements  were  made  using  square  Van  der  Pauw  samples 
with  Sn  contacts  as  described  in  Section  III,  paragraph  B.  Similar  instrumenta- 
tion was  used.  Where  possible,  the  Hall  mobility  was  computed  assuming  single 
carrier  transport.  The  temperature  range  under  investigation  was  from  27°C  to 
170°C.  The  Sn  ohmic  contacts  were  covered  by  silver  epoxy  to  prevent  oxidation 
and  subsequent  powdering  at  elevated  temperatures . These  measurements  were 
carried  out  in  the  dark  to  avoid  effects  of  photo-generated  carriers. 

In  order  to  meaningfully  interpret  the  resistivity-temperature  character- 
istic, it  is  desirable  to  remove  the  implicit  temperature  dependence  of  the 
density  of  states  and  the  various  donor  and  aceeptor  energy  levels.  The  proce- 
dure used  by  Zucca  has  been  employed  [5].  The  function  pT^'^  has  been  plotted 
as  a function  of  1/1'.  Since  the  density  of  states  is  proportional  to  T^“^, 
plotting  pT"*"^  removes  this  implicit  temperature  dependence.  T'  is  a modified 
temperature  given  by: 

E (300K) 

T'-T  E '(f) (1> 

g 

where  E (T)  is  the  energy  gap  at  a temperature  of  T (Kelvin) . This  assumes 
g 

that  relative  energies  of  the  impurity  levels  are  proportional  to  the  energy 
gap.  Instead  of  correcting  energies  for  thermal  variations,  the  correction 
is  made  on  kT  since  the  energy  differences  are  always  divided  by  kT  in  expres- 
sions for  resistivity  [5]. 

The  energy  gap  of  GaAs  as  a function  of  temperature  was  determined  by  the 
expression  of  Panish  and  Casey  [10]; 


E (T)  = 1.522  - 5.8x10 
g 


T + 300 


where  T is  the  temperature  in  degrees  Kelvin.  The  parameter  1000/T'  is  plotted 
as  a function  of  1000/T  in  Fig.  19  over  the  temperature  range  of  300-500  K. 

In  this  temperature  range  we  can  thus  approximate  the  value  of  1000/T'  by  the 
following  expression: 


1000  1100 


- 0.33 


Figure  20  is  a plot  of  pT  as  a function  of  1000/T'  for  two  samples  from 
a lot  of  Morgan  M4  substrates.  A least  square  fit  to  the  data  is  also  shown. 
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Figure  19.  Plot  of  1000/T'  as  a function  of  1000/T. 
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Figure  20.  pT^’^  as  a function  of  1000/T'  for  Morgan  M4  substrates 


w w 

15  -3 

Recall  that  this  substrate  has  a Cr  concentration  of  0.1  ppma  (2.2x10  cm  ). 
From  the  least  square  fit  to  the  data,  we  can  write  the  resistivity  p as: 

p - 2x10  6T  1,5  exp  (4) 

The  resistivity  is  thus  thermally  activated  with  an  activation  energy  of  about 

0.86  eV.  This  assumes  that  the  mobility  p is  independent  of  temperature  over 

this  temperature  range.  This  assumption  is  Justified  later. 

Let  us  now  compare  this  result  to  the  measurements  of  Zucca  for  the  low 
15  -3 

Cr  (5x10  cm  ) case  quoted  in  reference  [5].  Zucca  found  that  for  the  par- 
ticular crystal  under  consideration: 

p = 1.08  T-1,5  exp^pj  (5) 

Zucca  interprets  this  using  the  deep  donor-deep  acceptor  model  as  containing 

an  N./N  of  14  and  E -E.  of  0.72  eV  which  corresponds  to  the  0 level  in  GaAs . 
da  c d 

For  the  Morgan  substrate  and  the  curve  fit  to  the  resistivity  data  (equation  4) , 

we  compute  Ec-Ea  to  be  0.86  eV  which  is  in  reasonable  agreement  to  the  depth 

of  the  Cr  level  of  0.84  eV  reported  in  the  literature  [11].  Assuming  an  aver- 

2 -1  -1 

age  mobility  of  3000  cm  V s and  a degeneracy  factor  g of  unity  and  using 

a 

equation  (12)  of  [15],  we  compute  N /N  to  be  1.5. 

dL  Q 

Figure  21  is  a plot  of  the  Hall  mobility  of  sample  M4  from  measured  data 
assuming  single  carrier  transport.  The  Hall  constant  was  found  to  be  well  be- 
haved and  did  not  change  sign  over  the  measured  temperature  range  of  300  to 

2 -1  -1 

500  K.  Thus  our  assumption  of  a constant  mobility  of  3000  cm  V s is  a rea- 
sonable assumption  for  the  calculation  of  N /ITj.  Also  note  that  this  mobility- 
temperature  characteristic  is  very  similar  to  those  reported  by  Lin  for  GaAs: 

Cr  [12]. 


Figure  21.  Hall  mobility  as  a function  of  1000/T'  for  Morgan  M4  substrate. 
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Figure  22  shows  a similar  plot  of  pT'*“  ^ as  a function  of  1000/T'  for  a 

It 

Nikkei-Kako  (NK) , Cr-doped  substrate  from  dark  conductivity  measurements.  A 
straight  line  fit  to  these  data  indicate  an  activation  energy  of  the  order  of 
0.74  eV  which  is  close  to  the  0-level  in  GaAs  (0.72  eV) . However,  it  was  not 
possible  to  measure  Hall  mobility  because  the  Hall  voltages  were  very  small. 

Thus,  the  resistivity  may  be  controlled  by  two  levels,  a deep  donor  and  a 
deep  acceptor.  It  may  therefore  be  incorrect  to  associate  the  0.74  eV  number 

I with  oxygen  and  a more  complex  curve  fit  procedure  as  discussed  by  Zucca  may 

be  necessary  [5].  In  fact,  other  NK  samples  were  found  to  be  p-type  at  27°C 
and  became  n-type  above  50°C  indicative  of  mixed  conduction. 


Figure  22.  pT^‘^  as  a function  of  1000/T'  for  NK  SI  GaAs  substrate. 

Note  that  for  Morgan  substrates , the  activation  energy  of  0.  86  roughly 
correlates  with  the  broad  peak  at  0.9  eV  seen  in  photoconductivity  measure- 
ments. 

Figure  23  shows  the  pT’*’"^  - 1000/T'  charcateristics  of  the  NK  substrate 
repeated  from  the  previous  figure.  The  points,  however,  represent  the  data  ob- 
tained from  a dark  conductivity  measurement  carried  out  on  an  undoped  epitaxial 

*Nikkei-Kako  Company,  Tokyo,  Japan. 
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Figure  23.  pT^‘^  data  points  for  D80  on  NK  substrate.  The  straight 

line  is  the  characteristic  of  the  substrate  alone. 

SI  layer  (D80)  grown  on  an  NK  substrate.  This  undoped  layer  was  grown  using 
the  AsCl^/Gal^  process.  The  layer  thickness  was  6 ym  and  the  substrate  thick- 
ness 318  pm.  Note  that  the  data  points  for  the  composite  structure  fit  reason- 
ably well  to  the  substrate  characteristic.  For  these  layer  thicknesses,  we 
can  compute  that  p (buffer)  ^0.2  p (substrate)  if  we  assume  that  the  effect 
of  the  total  layer  resistance  has  to  be  about  10  times  the  substrate  resistance 
to  be  unobservable.  This  puts  a lower  bound  of  5x10^  f2-cm  for  the  buffer 
layer  resistance,  which  is  adequate  for  device  applications. 

D.  MISCELLANEOUS  ANALYTICAL  MEASUREMENTS 

Various  other  methods  for  characterizing  the  Cr  content  in  SI  GaAs  sub- 
strates and  in  Cr-doped  epi  layers  grown  on  SI  GaAs  substrates  were  explored. 

As  mentioned  earlier,  only  SSMS  could  reliably  detect  Cr  in  SI  GaAs  substrates. 
Table  4 is  a summary  of  SSMS  measurements  made  during  the  course  of  this  effect. 

We  also  summarize  our  attempts  at  various  analytical  measurements  for 
completeness. 
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TABLE  4.  SPARK  SOURCE  MASS  SPECTROSCOPY  S 
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1.  Secondary  Ion  Mass  Spectroscopy  (SIMS) 

Attempts  to  measure  the  Cr  profile  in  Cr-droped  epi  GaAs  layers  by  SIMS 
were  unsuccessful.  The  Cr  concentration  was  below  the  sensitivity  limit  of  our 
instrument.  The  minimum  detection  limit  for  Cr  in  our  SIMS  equipment  is  believed 
to  be  somewhat  greater  than  1 ppma  which  corresponds  to  2.2x10  cm  density. 


2.  Atomic  Absorption  Analysis 

Several  samples  of  SI  GaAs  substrates  with  and  without  Cr-doped  epi-layers 

* 

were  sent  to  EMV  Associates  Inc.  for  atomic  absorption  analysis.  This  at- 
tempt was  also  unsuccessful.  The  characteristic  Cr-lines  were  masked  by  Ga 
lines.  The  following  is  an  excerpt  from  their  report. 

"We  have  completed  a preliminary  analysis  of  the  two  samples  you 
submitted.  The  analytical  scheme  for  the  wafers  was  as  follows. 

The  mass  of  sample  A (Cr  doped)  was  determined  and  sample  B (substrate) 
was  crushed  and  weighed  so  that  a blank  of  equal  weight  could  be  used. 

Both  samples  were  placed  in  beakers  with  10  ml  of  redistilled, 
concentrated  nitric  acid.  The  samples  were  gently  refluxed  for 
several  hours.  At  first,  bubbles  were  observed  coming  from  the 
GaAs  solids,  indicating  the  release  of  a gas  (As  ?).  After  further 
refluxing,  the  solids  were  chalk  white  and  fine  grained  (GaO?).  The 
solution  was  evaporated  to  approximately  3 ml  forming  a slurry.  The 
Cr  analysis  was  attempted  using  flameless  atomic  absorption. 

"The  slurry  was  delivered  to  the  flameless  atomizer  with  a 25  micro- 
liter Oxford  pipette.  The  initial  results  were  essentially  identical 
for  both  samples,  that  is,  a concentration  of  approximately  10  ppb. 

The  spectrophotometer  was  run  using  background  correction  which  the- 
oretically substracts  background  absorption  from  total  absorption, 
yielding  the  desired  atomic  absorption.  In  practice,  however,  this 
correction  is  applicable  only  when  background  is  less  than  0.5  ab- 
sorbance units.  The  background  absorption  signal  of  the  GaAs  slurries 
was  on  the  order  of  2 absorbance  units.  This  precluded  the  analysis 
of  Cr  unless  the  source  of  background  could  be  separated  from  the  Cr 
signal.  A systematic  procedure  was  used  to  volatize  the  Ga  salt 
either  before  or  after  the  Cr  signal  was  obtained.  The  results  were 
unsatisfactory  indicating  the  2 elements  have  similar  atomization 
temperatures  in  this  matrix.  Although  it  may  be  possible  to  analyze 
for  Cr  by  flameless  atomic  absorption,  it  is  not  a routine  procedure 
and  would  therefore  require  considerable  time  to  develop  a satisfactory 
methodology:  perhaps  one  involving  a preliminary  chemical  separation. 

"A  surface  analysis  technique  currently  being  developed  may  be  capable 
of  this  analysis.  This  technique,  IBSCA  (ion  beam  spectrochemical 
analysis)  combines  the  surface  spatial  resolution  of  SIMS  (secondary 
ion  mass  spectrometry)  with  the  chemical  sensitivity  of  OES  (optical 
emission  spectroscopy)." 

*EMV  Associates,  Rockville,  MD. 
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3.  X-ray  Fluorescence  Spectroscopy 

Several  samples  were  sent  to  Princeton  Gamma  Tech+  for  x-ray  fluorescence 
spectroscopy.  This  method  was  also  unsuccessful. 

4.  Analysis  of  Epi  Cr-doped  Layers  by  SSMS 

Attempts  were  made  to  analyze  epi-layers  with  SSMS  using  a weak  spark  to 
prevent  erosion  to  the  substrate  and  only  vaporize  the  epi-layer.  The  results 
were  inconclusive.  Examination  of  the  spark-eroded  samples  showed  slight  pene- 
tration into  the  substrate.  Keeping  this  fact  in  mind,  the  18  um  Cr-doped  epi- 

15  -3 

layer  A96  showed  a Cr  concentration  of  0.06  ppma  (1.32x10  cm  ) and  the  20 
um  Cr-doped  epi-layer  of  wafer  A81  showed  a Cr  concentration  of  less  than 
0.17  ppma  (3.7x10^  cm  "*) . 

5.  High  Resolution  Photo  Luminescence 

Several  samples  of  Cr-doped  epi-layers  were  delivered  to  the  Office  of 
Naval  Research.  These  samples  were  then  sent  to  the  Naval  Research  Laboratory 
for  evaluation  by  high  resolution  photoluminescence  measurements.  No  feedback 
has  been  obtained  to  date. 


^Princeton  Gamma  Tech,  Princeton,  NJ. 
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SECTION  IV 


ION  IMPLANTATION 


A.  INTRODUCTION 

One  of  the  major  reasons  for  developing  a technology  for  the  epitaxial 
growth  of  SI  GaAs  is  to  use  this  layer  as  starting  material  for  ion  implanta- 
tion. If  high  quality  epitaxial  SI  GaAs  layers  can  be  consistently  grown  on 
a variety  of  commercial  bulk-grown  SI  substrates,  more  reproducible  results 
can  be  obtained  by  ion  implantation.  Currently,  one  has  to  go  through  elabo- 
rate qualifying  procedures  before  ion  implanting  into  bulk  SI  GaAs  substrates. 
The  activation  efficiency,  and  hence  the  peak  carrier  concentration  obtained 

for  a given  implant  dose  is  currently  a strong  function  of  the  quality  of  the 

32  28 

substrate.  Accordingly,  we  are  investigating  implantation  of  S and  Si  into 
epitaxial  buffer  layers  and  comparing  the  properties  of  the  resulting  layers 
with  direct  implantation  into  various  SI  GaAs  substrates.  This  ion  implanta- 
tion effort  is  supported  in  part  with  Company  funds. 

B.  SUBSTRATE  QUALIFICATION 

The  substrate  qualification  procedure  used  is  that  reported  in  the  litera- 
ture [13].  Samples  from  substrate  lots  were  bombarded  with  Ar  ions  at  an 

12  -2 

energy  of  200  keV  and  at  a dose  of  5x10  cm  to  simulate  implant  damage.  The 
samples  were  then  annealed  under  As  overpressure  at  800°C  for  20  minutes.  The 
resistance  of  a standard  test  pattern  was  measured  before  and  after  the  bom- 
bardment/anneal procedure.  Table  5 is  a partial  list  of  the  substrates  eval- 
uated to  illustrate  typical  results. 

C.  POST  IMPLANT  ANNEAL 

The  post-implant  annealing  of  GaAs  to  remove  implantation  damage  and  ac- 
tivate the  implanted  species  is  generally  difficult  since  GaAs  tends  to  disso- 
ciate at  the  commonly  used  anneal  temperatures  of  800°-900°C.  Dielectric 
encapsulation  (SiO^,  Si^N^,  AIN,  etc.)  has  been  used  to  prevent  dissociation, 
but  this  often  results  in  poor  wafer  surface  due  to  out-diffusion  of  Ga  or  As 
into  the  encapsulant  or  uncontrolled  in-diffusion  into  GaAs.  This  is 
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TABLE  5.  SUBSTRATE  QUALIFICATION 


Wafer 

Number 

Test  Pattern 
Resistance  Before 
Bombard/ Anneal 

Test  Pattern 
Resistance  After 
Bombard/ Anneal 

Comments 

LD  9281 

50 

Mft 

M.600  n 

Unsuitable  for  implantation 

LD  6917 

'b 

50 

Mft 

14  Mfi 

Marginal 

LD  10B 

*b 

50 

Mft 

'b 

30  Mft 

Suitable 

for 

implantation 

LD  11B 

50 

Mft 

*b 

10  Mfl 

Marginal 

MA  193 

*b 

50 

MD 

30  Mfl 

Suitable 

for 

implantation 

MA  201 

>b 

50 

Mft 

'b 

20  Mft 

Suitable 

for 

implantation 

MA  196 

'b 

50 

Mfi 

'b 

30  Mfi 

Suitable 

for 

implantation 

LD  - Laser  Diode  Inc. 

M - Morgan  Semiconductor 

particularly  detrimental  for  the  thin  high-quality  layers  required  for  GaAs: 
FETs.  We  have  developed  a method  for  annealing  implanted  wafers  without  en- 
capsulation under  arsenic  overpressure.  This  procedure  has  been  very  sucess- 
ful  and  implanted  wafers  with  excellent  surface  morphology  have  been  obtained. 


D.  RESULTS 

Table  6 is  a sample  of  results  obtained  on  S-implantation  to  generate  n- 
and  n+-layers.  The  first  four  rows  describe  implantation  into  epitaxial  buffer 
layers  (high  resistivity)  grown  on  SI  GaAs  substrates.  In  general,  implantation 
into  epi-buffer  layers  leads  to  move  consistency  and  superior  mobility  for  a 
given  carrier  concentration.  The  next  four  rows  describe  direct  implantation 
into  SI  GaAs  substrates.  Note  the  greater  variation  in  the  results.  Also  note 
that  when  the  substrate  is  of  good  quality  (sample  45E) , results  comparable  to 
implantation  into  epi-buffers  are  obtained.  This  substrate  was  cut  from  a spe- 
cially qualified  boule  of  GaAs.  The  final  three  rows  are  the  results  of  in- 
creasing the  implant  dose  to  obtain  n+-layers  for  device  contact  regions. 

Figure  24  is  a plot  of  the  300  K electron  mobility  of  a number  of  implant  runs. 
Theoretical  curves  for  various  compensation  factors  are  also  shown  [14].  (The 
points  are  average  Hall  mobility  while  the  theoretical  curves  are  for  drift 
mobility).  Figure  25  is  a plot  of  the  average  carrier  concentration  as  a func- 
tion of  implant  dose.  Note  the  saturation  at  higher  dose  levels.  All  implants 
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TABLE  6.  SULFUR  IMPLANTATION 
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Figure  24.  Electron  mobility-carrier  density 
plot  for  S implantation. 


Figure  25.  Carrier  concentration  ae  a function 
of  dose  for  S-implantation . 

were  annealed  without  encapsulation  under  arsenic  overpressure  at  825°C  for 

20  minutes.  The  surface  morphology  of  annealed  wafers  was  excellent. 

28 

Table  7 summarizes  the  implantation  of  Si  into  GaAs,  using  the  same  for- 
mat as  in  Table  6 and  basically  the  same  conclusions  apply.  The  major  differ- 
ence between  implantation  of  S and  Si  is  that  Si  implanted  layers  are  more  re- 
producible and  follow  LSS  theory  more  closely.  Figure  26  shows  typical  carrier 
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Figure  26.  Carrier  density  profile  for  single  Si 
implant  3.5xl0l2cm~2  at  200  keV. 


density  profiles  of  a Si  implanted  layer.  Figure  27  is  a profile  of  a double 
Si  implant  in  a successful  attempt  to  increase  the  surface  doping  density. 


01  0.2  OS  0.4 


DEPTH  fim 

Figure  27.  Carrier  density  profile  for  double  Si  implant. 

1.5xl0l2Cm“2  at  70  keV  and  3xl0^2cm-2  at  200  keV. 
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TABLE  7.  Si  IMPLANTATION 
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Figures  28  and  29  show  the  dose-carrier  concentration  and  Hall  mobility-carrier 
concentration  and  Hall  mobility-carrier  concentration  characteristics,  respec- 
tively. 


DOSE  cm 


Figure  28.  Carrier  concentration  as  function  of 
dose  for  Si  implantation. 


Figure  29.  Electron  mobility-carrier  density  plot 
for  Si  implantation. 


SECTION  V 


PLANS  FOR  NEXT  PHASE 

1.  We  will  continue  epitaxial  growth  of  high  resistivity  (>10^  G-cm) 
layers  using  the  AsH^/Ga/Cl^/H^  system.  Investigation  of  the  use  of  metallic 
Cr  and  Fe  will  be  emphasized. 

2.  The  background  (undoped)  layers  grown  by  the  AsH„/Ga/Cl./H0  system 

4 6 ill 

are  sometimes  of  high  resistivity  (10  -10  fi-cm) . It  is  suspected  that  this 
phenomenon  is  due  to  out-diffusion  of  impurities  or  point  defects  from  the  sub- 
strate. While  such  layers  can  be  used  successfully  as  buffer  layers,  the  con- 
trol on  their  growth  is  poor.  With  our  AsCl  /Ga/H  VPE  system,  however,  we  can 

14-3  J L 

achieve  background  levels  of  5x10  cm  by  adjusting  AsCl^  mole  fraction.  We 
will  therefore  add  a Cr  (and/or  Fe)  doping  line  to  this  system. 

3.  We  will  grow  epitaxial  Cr-doped  layers  on  SI  GaAs  substrates  from 
various  manufacturers.  We  will  attempt  growth  even  on  substrates  proven  un- 
suitable for  expitaxy  and/or  ion  implantation.  The  objective  is  to  determine 
the  extent  to  which  epitaxial  buffer  layers  can  be  used  to  overcome  substrate 
deficiencies . 

32  28 

4.  The  implantation  of  donors  ( S and  Si)  into  high  resistivity  epi- 
taxial layers  grown  on  SI  GaAs  substrates  will  be  investigated  over  the  energy 
range  of  100-2000  keV. 

5.  The  annealing  of  implanted  layers  with  high  power  pulsed  laser  radia- 
tion will  be  studied.  Both  sub-band  gap  (1.17  eV  radiation  using  Nd:Glass) 
and  above  band  gap  (1.78  eV  radiation  using  ruby)  laser  radiation  will  be 
evaluated  for  annealing. 

6.  We  will  grow  n^n-n^  (buffer) -SI  GaAs  wafers  for  FET,  TELD,  and  GaAs 

D 

IC  fabrication.  FETs,  TELDs  and  GaAs  ICs  will  be  fabricated  in  concurrent 
company  and  government  sponsored  programs.  The  results  obtained  will  provide 
the  ultimate  operational  evaluation  of  the  technology  being  developed. 

7.  The  development  of  photoelectronic  methods  to  characterize  high  resis- 
tivity GaAs  will  be  continued. 
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